Responses of ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria (AOB) to NIs were studied in grassland soil and acidic agricultural soil, but we know little about effects of NIs and NIs per se on AOA and AOB abundance in neutral agricultural soil. We aimed to investigate the effects of NIs, dicyandiamide (DCD) and 3,4-dimethylpyrazole phosphate (DMPP), on the dynamics of AOA and AOB populations in a Hap-Ustic Luvisol. Laboratory studies were installed to observe the effects of DCD and DMPP on the abundance of AOA and AOB. We determined the dynamics of AOA and AOB populations during 112 days by using real-time PCR targeting amoA genes. Soil mineral nitrogen contents and potential ammonia oxidation were measured. AOB growth was stimulated by ammonium addition and reached peak value at day 14 in treatment N. When ammonium was applied with DCD or DMPP, AOB amoA copies decreased significantly. In contrast to AOB, AOA showed no response to the addition of ammonium and the two NIs during 91 days, even when DCD and DMPP applied were double dose. Nitrification inhibition rates of DCD and DMPP were highest at day 14. Although potential ammonia oxidation was suppreseed at day 14, AOA populations were still not affected by DCD or DMPP per se. Our results suggest that AOA were not stimulated by large amounts of inorganic ammonium exogenous and were tolerant to DCD and DMPP in a neutral agricultural soil.
INTRODUCTION
Nitrification in soil, one of the key processes of nitrogen cycle, oxidizes ammonia to nitrite and then to nitrate, enhances losses of ammonium-based fertilizers applied to soil by leaching and denitrification of nitrate, and is a main source of N 2 O and NO to the atmosphere (Zerulla et al., 2001; Macadam et al., 2003) . Nitrification inhibitors have been applied to improve nitrogen use efficiency via suppressing nitrification for several decades. Dicyandiamide (DCD) and 3,4-dimethylpyrazole phosphate (DMPP) have been proven to be effective in *Corresponding author. E-mail: wuzj11@163.com.
reducing nitrification rates and nitrate leaching in agricultural soils. In the past, most studies focused on the effects of nitrification inhibitors on soil nitrogen transformation and crop yield. With development of molecular technology, many researches focused on the study of effects of nitrification inhibitors on soil ammonia oxidizers.
Ammonia-oxidizing bacteria (AOB) were traditionally considered to dominate ammonia oxidation, which is the first and rate-limiting step in soil (Barraclough and Puri, 1995, Boer and Kowalchuk, 2001 ). However, contribution of ammonia-oxidizing archaea (AOA) to ammonia oxidation was expected with discovery of large numbers of AOA (Leininger et al., 2006; He et al., 2007) . As expected, AOA were found to dominate soil ammonia oxidation in several studies (Offre et al., 2009; GubryRangin et al., 2010) . In contrast, Di et al. (2009) suggested that AOB rather than AOA dominate nitrification in nitrogen-rich grassland soils by application of DCD. In addition, AOA growth was not suppressed by DCD and even increased in root-rhizosphere complex (pH 5.5) of cauliflower when DMPP was applied (Kleineidam et al., 2011) . Liquid formulation of DMPP was as effective as DCD on inhibiting AOB amoA copies in six New Zealand grassland soils (Di and Cameron, 2011) .
As soil pH is a key factor affecting abundance and diversity of ammonia oxidizers (Nicol et al., 2008) and ammonium availability decreased with decreasing soil pH (Boer and Kowalchuk, 2001) , and land use manners influenced distribution of ammonia oxidizers (Keil et al., 2011) , limited information is available concerning the effects of DCD and DMPP on the AOB and AOA abundance in neutral agricultural soil. Therefore, we investigated in a laboratory study, the effects of DCD and DMPP on the dynamic changes of AOA and AOB abundance in a neutra l agricultural soil. Additionally, in order to eliminate impact of nitrogen exogenous on AOA, we determined the effects of DCD and DMPP per se on AOA abundance. The abundance of AOA and AOB was quantified by real-time PCR targeting amoA genes.
MATERIALS AND METHODS
Surface (0-20 cm) cinnamon soil (Hap-Ustic Luvisol, WRB 1998) was collected from the Experimental Station of Chaoyang (41  49'N, 122  48'E) in Liaoning Province of Northeast China. Soil pH (soil:water was 1:2.5) was 7.3. Particle size distribution was sand = 43%, silt = 38% and clay = 19%. Total carbon and nitrogen were 11.5 g kg -1 and 1.1 g kg -1 , respectively. Initial potential ammonia oxidation (PAO) was 1.98 mg NO2 --N kg -1 soil 5 h -1 . After the field moist was determined, soil was crushed to pass through a 2-mm sieve. Then, it was further thoroughly mixed and pre-incubated at 40% water filled pore space (WFPS) for 2 weeks at 25°C in the dark.
Experiment 1
Six treatments: (1) Control (no nitrogen added); (2) N (ammonium sulphate); (3) N+DCD1 (ammonium sulphate + DCD1); (4) N+DCD2 (ammonium sulphate + DCD2);(5) N+DMPP1 (ammonium sulphate + DMPP1) and (6) N+DMPP2 (ammonium sulphate + DMPP2) were replicated thrice.
In each triplicate per treatment, equivalent to 50 g air-dried soil was placed in 150 ml centrifuge tubes with lids. Ammonium sulphate was applied at a rate of 0.5 g N kg -1 air-dried soil (almost equivalent to 1300 kg N ha -1 ), and that of DCD and DMPP was 1 and 2% N in treatments N+DCD1 and N+DMPP1, respectively. The amounts of DCD and DMPP applied were double in treatments N+DCD2 and N+DMPP2. DCD and DMPP were supplied by Shanghai Chemical Institute, with a purity of 99.5 and 97%, respectively.
Ammonium sulphate and nitrification inhibitors were applied in liquid solution. A vacuum method was chosen to mix the solution Gong et al. 7429 with the soil well (Cavagnaro et al., 2008) and make soil water content reach 60% WFPS. To maintain soil water content, sample tubes were covered with lids and weighed at 2 day intervals by dripping water to the initial weight. All samples were placed in a temperature controlled incubator (LTI-1001SD, EYELA, Japan) at 25°C in the dark. At day 1, 3, 5, 7, 14, 28, 49, 70, 91 and 112 after incubation, three replicates for each treatment were destructively sampled to determine soil mineral nitrogen contents and abundance of AOA and AOB.
Experiment 2
In order to eliminate impact of nitrogen exogenous on AOA, we determined the effects of DCD and DMPP per se on AOA abundance. Ten treatments with three replicates were installed. Other four treatments were added besides the six treatments in Experiment 1. The four treatments (DCD1, DCD2, DMPP1 and DMPP2) represent single and double dose DCD and DMPP without application of ammonium sulphate, respectively. The incubation was the same way as that in Experiment 1. Due to nitrification inhibition, rates of DCD and DMPP were highest at day 14 in Experiment 1; we sampled at day 14 after incubation to determine mineral nitrogen contents, PAO and AOA populations.
About 10 g soil was taken from each replicate in both experiments and immediately stored at -60°C. The remaining soil was applied to determine the mineral nitrogen contents and PAO. Soil NH4 + -N and NO3 --N concentrations were immediately analyzed by AutoAnalyzer Ⅲ Continuous Flow Analyzer (Bran+Luebbe, Norderstedt, Germany) after extraction with 2 M KCl solution. Soil PAO was obtained by a chlorate inhibition method (Hart et al., 1994) . Based on previous studies (McCarty and Bremner, 1989) , nitrification inhibition rate (%) was calculated as follows: (C-T)/C × 100, where T is the amount of (NO3 -+NO2 -)-N produced in the soil sample treated with nitrification inhibitor and C is the amount of (NO3 -+NO2 -)-N produced by the control sample. Only NO3 --N was calculated because the NO2 --N produced was easily oxidized in the soil.
Soil DNA was extracted from 0.5 g soil by using a FastDNA ® Spin kit for soil (Qbiogene, Inc., Irvine, CA). The purity of DNA was checked by using Nanodrop ® ND-1000 UV-Vis Spectrophotometer. The extracted soil DNA was then stored at -20°C for subsequent molecular analysis.
According to the protocol described in previous studies (Zhang et al., 2009) , the copy numbers of archaeal and bacterial amoA genes were determined by real-time PCR, using an iCycler iQ 5 Thermocycler (Bio-Rad, USA) with the fluorescent dye SYBRGreen I. The DNA extracts were ten-fold diluted, and used as template with a final content of 1-9 ng in each reaction mixture. The primer pairs (amoA 1F/amoA 2R and Arch-amoA AF/Arch-amoA AR) targeted the amoA gene of the AOB and AOA DNA (Rotthauwe et al., 1997; Francis et al., 2005) Amplifications were carried out in 25 µl reaction mixtures, including 12.5 µl SYBR® Premix Ex TaqTM (TaKaRa, Japan), 1 µl bovine serum albumin (25mg ml-1), 0.5 µl each primer (10 µM) and 1 µl DNA template. Cycling conditions were 95°C for 1 min, followed by 40 cycles of 10 s at 95°C, 30 s at 55°C for AOB or 53°C for AOA, 1 min at 72 and plate read at 83°C. A melting curve analysis was performed to check PCR products specificity after amplification, and PCR products were confirmed by standard 1% agarose gel electrophoresis. PCR products were gelpurified and ligated into the pGEM-T Easy Vector (Promega, Madison), and the resulting ligation products were transformed into Escherichia coli JM109 competent cells. The positive clones were selected to extract plasmid DNA after re-amplification with the vector-specific primers T7 and SP6. The concentration of plasmid was determined on a Nanodrops ND-1000 UV-Vis Spectrophotometer and the copy numbers of amoA genes were (n=3) . Values within the same column followed by the same letter do not differ at P < 0.05. calculated directly from the contribution of the extracted plasmid DNA. A ten-fold dilution series of a known copy number of the plasmid DNA in triplicate was used as a standard. AOB amoA amplification efficiencies of 89 to 103% were obtained with R values of 0.967 and 0.999, and AOA amoA amplification efficiencies of 87 to 101% were obtained with R values of 0.978 and 0.996.
ANOVA combined with Duncan-test was used to estimate the significant differences (P < 0.05) between treatments. All values were mean values of three independent replicates expressed on an oven-dried soil weight (105°C, 24 h). Data analysis was calculated using SPSS version 16.0.
RESULTS

Experiment 1
Soil NH 4 + -N and NO 3 --N contents
Soil ammonium content in treatment N decreased sharply and was significantly lower than that in treatments N+DCD1, N+DCD2, N+DMPP1 and N+DMPP2 at day 14 till day 91 (Figure 1 ). The applied double dose DCD or DMPP (treatment N+DCD2 and N+DMPP2) could maintain higher soil ammonium contents than single dose DCD or DMPP (treatment N+DCD1 and N+DMPP1) from day 28 to day 70.
In contrast to the soil ammonium contents, soil nitrate contents increased with increasing incubation period under the application of ammonium sulphate (Figure 1) . From day 14, soil nitrate contents in treatment N were substantially more than those in other treatments. Compared to N+DCD1 and N+DMPP1, the double dose DCD and DMPP applied slowed the rate of nitrate produced significantly from day 49 to 91. Table 1 shows that the nitrification inhibition rates of the two nitrification inhibitors varied with the incubation period. From day 3, the nitrification inhibition rates increased and had maximum values at day 14, and then dropped gradually. Based on the nitrification inhibition rates, double dose DCD and DMPP were more effective than single dose from day 14 to day 70, respectively. During the first 91 day incubation, no significant difference on mineral nitrogen contents and nitrification inhibition rates was found between treatments N+DCD1 and N+DMPP1, and similar phenomenon was observed between N+DCD2 and N+DMPP2. Figure 2 shows the different responses of AOA and AOB abundance to ammonium addition. Among all the treatments, AOA amoA gene copy numbers showed no significant differences during the whole incubation period except at day 112.
Abundance of soil AOB and AOA
AOB amoA gene copy numbers increased rapidly in treatment N and were significantly larger than those in the control treatment (Figure 2) . Ratios of AOB abundance in treatment N to that in control treatment ranged from 2.48 to 5.96 during the whole incubation period. However, when DCD or DMPP were applied with ammonium sulphate, the growth of AOB was suppressed significantly compared to that in treatment N. It was the same as DCD, no matter the DMPP applied was single dose or double dose, there were no significant differences on suppressing the growth of AOB. Between treatment N+DCD1 and N+DMPP1, the inhibition effects on the growth of AOB were not significant, and similar results were found between treatment N+DCD2 and N+DMPP2.
During the whole incubation period, ratios of AOA to AOB ranged from 4.26 to 6.73 in the control treatment, from 0.68 to 1.30 in treatment N and from 1.07 to 5.38 in the other treatments. The results show that AOA were more abundant than AOB in the soil, except for rapid growth of AOB in treatment N.
Experiment 2
After 14 days incubation, the mineral nitrogen contents were not changed by the application of the two nitrification inhibitors only, compared to that in control treatment (Table 2) . DCD and DMPP were as effective as they showed in Experiment 1.
The PAO was suppressed by application of DCD and DMPP alone except that in treatment DMPP1, compared to that in control treatment ( Table 2) . Addition of ammonium sulphate alone stimulated the PAO, whereas, the PAO was suppressed when ammonium was applied with DCD and DMPP. Among treatments N+DCD1, N+DCD2, N+DMPP1 and N+DMPP2, there were no significant differences on PAO.
Compared to AOA abundance in control treatment, AOA abundance in the other treatments remained largely unchanged after 14 days incubation (Table 2 ). This indicated that DCD and DMPP had no inhibitory effect on AOA in the soil. 
DISCUSSION
In Experiment 1, AOB grew rapidly when ammonium sulphate was added, which offered ammonia for AOB as substrate, as observed in microcosm and field conditions (Okano et al., 2004; Jia and Conrad, 2009 ). DCD and DMPP could suppress the growth of AOB significantly and maintain higher ammonium contents in the soil. In contrast, AOA showed no response to the addition of ammonium and/or the two nitrification inhibitors, even if the amount of DCD and DMPP applied doubled. Similar results were reported in previous studies, which found that AOA were more stable than AOB under the addition of DCD and DMPP (O'Callaghan et al., 2010, Di and Cameron, 2011 ). An ammonia oxidizing archaeon (Nitrososphaera viennensis) from soil was isolated by Tourna et al. (2011) , who reported strain EN76 could convert ammonia to nitrite and grow well under 15 mM ammonium concentrations but was inhibited under 20 mM ammonium concentrations. Because the application rate of ammonium sulphate (0.5 g N kg -1 air-dried soil, almost equivalent to 1300 kg N ha -1 ) in the study was far higher than 20 mM ammonium concentrations, so AOA could not grow well with high ammonium contents. In agricultural and grassland soils, it has been reported that AOB prefer high nitrogen conditions and AOA may be adapted to low nitrogen conditions (Mahmood and Prosser, 2006; Schauss et al., 2009; Di et al., 2010) .
In order to eliminate the effects of high ammonium exogenous, AOA abundance was determined after incubation for 14 days with the two nitrification inhibitors alone in Experiment 2. Whereas, although no ammonium sulphate was added, AOA growth was not inhibited by DCD or DMPP even if the PAO was suppressed. This indicated that AOA was more tolerant than AOB to DCD and DMPP.
Different effects of the ammonium sulphate and nitrification inhibitors on AOB and AOA showed they adapted to different habitats due to their distinct physiological property (Valentine, 2007; Kleineidam et al., 2011) .
Our results indicate that AOB rather than AOA made major contribution to ammonia oxidation in the agricultural soil with large amount inorganic ammonium inputs. This is in accordance with previous studies (Di et al., 2009; Jia and Conrad, 2009; Xia et al., 2011) . However, the fact that AOA controlled ammonia oxidation in the soils was obtained by other researches (Offre et al., 2009; Stopnisek et al., 2010; Zhang et al., 2010) . The tested soil in their studies was either acidic or high potential of mineralization, which could release ammonia for AOA utilization. In contrast, large amount of inorganic ammonium was added to the non-acidic soil in the experiment. Different soil physical and chemical characteristics resulted from different soil types, which determine different ecophysiological diversity of AOA (Chen et al., 2010) . Hence, ammonia source, pH and species of AOA influenced contribution of AOA in soil.
As reported in previous studies (Leininger et al., 2006 , He et al., 2007 , ratios of AOA to AOB in all treatments except that in treatment N during all sampling dates showed AOA were more abundant than AOB in the soil. If the amoA copy numbers were converted to AOB and AOA cells by dividing by 2.5 and 1 (Norton et al., 2002 , Wu et al., 2011 , respectively, the phenomenon will be more obvious. Ammonium sulphate combined with DMPP or DCD mixed well with the soil in our study. This was different with field soil with plants, especially in the rhizosphere, where the ratio of AOA to AOB might differ. Although some previous studies have shown that DMPP was more effective than DCD in reducing ammonium oxidation (Macadam et al., 2003; Chaves et al., 2006; Pereira et al., 2010) , DMPP and DCD showed no significant differences in inhibiting the growth of AOB populations in the study. Similar results were obtained in six New Zealand grazed pastured soils (Di and Cameron, 2011) . Soil properties, temperature and application form are factors affecting the effectiveness of nitrification inhibitors , Irigoyen et al., 2003 , Di and Cameron, 2011 , so the effects of nitrification inhibitors are variable in different soils under different conditions. In addition, although DMPP and DCD showed no significant differences in inhibiting AOB populations, AOB DNA from recently dead cells could not be avoided in the study.
RNA extraction will be applied to determine the effects of DMPP and DCD on activities of AOA and AOB in further study.
